Most substances, such as amino acid analogues, which inhibit protein formation by bacteria, do so in a non-specific manner. That is, the formation of all protein ceases and growth stops when they are added to the culture medium. Any substance which acts upon the formation of a single protein or group of proteins is likely to be a valuable tool in studying biosynthetic processes. The present work describes the effect ofsome negatively charged polymers upon cultures of staphylococci. The liberation into the culture fluid of a group of extracellular enzymic proteins is inhibited, but growth of the organisms is not impaired. These extracellular enzymes are not essential for growth under the conditions chosen. Recently, considerable attention has been paid to the ability of synthetic charged polymers, 'macroanions' and 'macrocations', to inhibit the action of formed enzymes (cf. Spensley & Rogers, 1954 , for some references). These studies have not, however, been extended to the effects of macro-ions upon living cells. An exception is the study by Katchalski, Bichowski-Slonmitzki & Volcani (1953) of the growth inhibition of E8cherichia coli and Staphylo-COCCU8 aureus by the macrocations polylysine and polyarginine. Polyglutamic and polyaspartic acids, two macroanions examined by these authors, did not inhibit growth. The ability of some macroanions to inhibit the liberation of at least two extracellular enzymes in cultures of staphylococci is proved in the work described below but it is not yet possible to say with certainty that the polymer prevents the formation of these enzymes by the cells.
METHODS
Hyaluronidase and extracellular trichloroacetic acid precipitable protein in samples of the culture supernatant fluids were estimated and the results expressed as previously described (Rogers, 1954) . Crystalline bovine serum albumin (Armour Fraction V) was used as the standard in the protein estimations. Growth was measured by the optical opacity of suitably diluted suspensions to light of wavelength 640 m,u. The results, expressed as mg. dry weight/ml. of culture, were interpolated from a standard curve relating dry weight to opacity; dry weights were determined by heating washed suspensions of the organisms to constant weight at 1050. Radioactive measurements on cell pastes were made by transferring the paste to 2 sq.cm. polythene disks, freezing and drying. The pad of dried organisms was then pressed flat with a plunger. A sufficient mass of organisms (>40 mg. for a 2 sq.cm. disk) was used to enable the pad to be considered of 'infinite thickness' in the calculations following the radioactive count.
A thin end window Geiger-Miller counter was used and the minimum number of counts recorded in the experimental work was 2400; the error on such a count is about 2 %. The amount of inhibitor fixed to the cells was calculated directly from the dilution of the labelled inhibitor.
Organisms and condition8 of growth. The variant of Staphylococcus aureus strain 524, isolated previously by single cell manipulation (Rogers, 1953) which produces potent hyaluronidase has been used for the hyaluronidase work described here. This organism has been maintained in dried culture since its isolation. Intermittently the culture has been revived, overnight cultures plated on nutrient agar plates, and the enzyme-forming capacity of twenty individual colonies examined. When grownunder the conditions previously described (Rogers, 1953 ) the enzyme potency still reaches 200-300 turbidity reducing units (T.R.U.'S) of hyaluronidase per ml. of culture supernatant. Frequently in the present work rather thick suspensions of the organisms in broth (-about 1 mg./ml. dry weight) have been used and, under such conditions, growth is slow and non-logarithmic. The potency of enzymeformed isthen less and more variable than with the much smaller inoculum hitherto used.
When coagulase formation was to be examined, Staphylococcus aureus strain Newman was used. The conditions for its cultivation were the same as those for strain 524 of the organism.
Two media have been used in the present work (a)
Hedley Wright broth buffered with either 2.5% Na ,Bglycerophosphate or Olrm Sorensen phosphate buffer at pH 7 0 and with a final glucose concentration of 0.25% (w/v); (b) the casein hydrolysate medium B (Rogers, 1945) . Inorganic phosphate buffer has also been satisfactorily substituted for glycerophosphate in medium (b). The total omission of the extra buffer has been found to lead to a rapid destruction of hyaluronidase after its formation period. All the cultures were incubated at 350 in lightly plugged Ehrlenmeyer flasks of capacity 5 times that of the volume of culture, and shaken on a machine of the type described by Kantorowicz (1951) at the rate of 88 times per min. with a horizontal traverse of 8 cm.
Inhibitors The hydroquinone-sulphonic acid-formaldehyde polymer (or, more briefly, 'polyhydroquinone-sulphonate') was prepared as previously described (Rogers & Spensley, 1954) and for the experiments discussed here only that portion of the initial crude polymer not dialysable through cellophan has been employed. For convenience this material is generally referred to below by the Code no. 53D. Two batches of this material, 53DK and 53DN, have been used for the work to be described. They both behaved identically. When The cells (13-16 mg. dry wt.) were treated with 4-0 ml. volumes of the stated concentrations of 53D dissolved in 0-1M phosphate buffer at pH 6-2 for 15 min. at room temperature. After washing, these cells were resuspended in warmed buffered broth (20 ml. in 100 ml. flasks) giving a density equivalent to approx. 0-7 mg. dry wt./ml. Incubation was continued for 2 hr. at 350 with shaking. suspensions were allowed to remain at room temperature for 15 min., centrifuged and the cells washed with B ml. water. A small amount of inhibitor was present in the washing water but the cells which had been treated with inhibitor were still deeply stained, those from the young culture appeared to be darker than those from the 18 hr. culture. The eight samples of cells were then separately suspended in 20 ml. quantities of broth containing 0-1 M phosphate buffer at pH 7-0 already warmed to 35°. Incubation with shaking was continued for 2 hr. at 350. At the end of this period the cultures were cooled to 0-4', centrifuged at this temperatuire and the hyaluronidase potency in the supernatant fluid estimated. Table 1 shows the results which were obtained. It is to be seen that, whereas cells from the 18 hr. culture are relatively little affected, by treatment with inhibitor, the logarithmically growing cells form little hyaluronidase at all after treatment with the 1 mg./ml. solution of the inhibitor.
In these experiments pretreatment was carried out at slightly acid pH because it was known that the combination between proteins and macroanions was less effective in alkaline solution. An examination was subsequently made of the effect of pretreating in 0-1 M phosphate buffers with pH ranging from 5-8 to 7-0. The pH used did not influence the degree of inhibition of enzyme liberation caused by the polymer. Therefore in subsequent tests the pH for pretreatment was maintained at 6-2.
The use of logarithmically growing cells was technically undesirable as a routine procedure, partly because of the large volumes of culture required to yield reasonable quantities of cells. Examination was therefore made of cells from an 18 hr. culture which were subsequently reincubated for a short period in broth. The technique used was as follows: cells from 50 ml. of an 18 hr. culture were centrifuged, resuspended in 100 ml. of fresh broth medium already warmed to 350, and shaken at this temperature for 1 hr. The organisms were then removed by centrifuging and washed once with 20 ml. of water. Such cells, which have been used for the rest of the work to be described, are referred to as revived cells. In Table 2 the enzyme production by treated and untreated cells from the original 18 hr. culture is compared with the behaviour of treated and untreated revived cells. The conditions of treatment were such that half the cells from each culture were treated with 10 ml. of 0-8 mg./ml. 53D in C-lM phosphate buffer at pH 6-2. Both the treated and the control cells, which had been incubated with pH 6-2 buffer alone, were resuspended in 50 ml. amounts ofbuffered broth medium in 250 ml. Ehrlenmeyer flasks. These suspensions were shaken at 35°. Samples were taken from all four flasks at the indicated times, cooled to 0-4' immediately after withdrawal, centrifuged and hyaluronidase estimations made on the supernatant fluids.
Growth was also estimated by the turbidity of the samples before centrifuging. The brown colour of the treated cells did not significantly affect the optical opacity measurements. Hyaluronidase formation by the revived cells is almost completely inhibited (Table 2) by treatment with 53D, and they thus behave similarly to cells from the logarithmically growing cultures. The cells from the 18 hr. culture are rather more affected than those used in the previous experiment but again form much more hyaluronidase after treatment with Vol. 6o 637 For technical reasons and also because it was thought that the closely applied layer of radioactive material on the cells might make the interpretation of results, in the present context, difficult because of radiation damage, cells which had been treated with labelled polymer were not used to examine the inhibition of enzyme formation. The labelled polymer had been made by the same chemical procedure as the unlabelled 53D and several separate batches of 53D inhibited to the same extent. There is, therefore, no reason to suppose that the behaviour, apart from possible radiation effects, of the labelled polymer in culture would be different from other batches of the material.
Revived cells were treated with the labelled inhibitor by the technique previously described. Samples of the cell suspensions were taken after pretreatment and washing, and were frozen and dried on polythene disks for radioactive estimation. (Rogers, 1954) VOl. 60 6;39 inhibition of the liberation of extracellular enzyme cannot, therefore, be explained simply as due to a 'bottling-up' of free enzyme inside the cells by the 'varnishing' coat of inhibitor.
Change in the cello during revival In the earlier experiments it had been shown that cells from young cultures or cells from 18 hr. cultures which have been subsequently incubated for an hour in fresh medium can be more effectively treated with inhibitor than those from overnight cultures. It had also been noted that the cells from young cultures appear darker after pretreatment than those from 18 hr. cultures. It, therefore, seemed likely that during the process of 'reviving' the cells some change takes place which enables more of the inhibitor to be attached to the cell surface. An experiment was planned using labelled inhibitor to examine whether the process of revival did in fact involve a change and ifso, to estimate the speed of this change.
An 18 hr. culture of the organisms (100 ml.) in the usual medium was centrifuged and the cells then resuspended in broth (100 ml.) at 350 containing 0*1 M phosphate buffer and 0-25 % glucose; a sample was taken immediately. The flask was subsequently shaken at 350 and samples taken after 5, 20, 30 and 60 min. All the samples were cooled immediately and centrifuged at 0-4°. The cell pastes so obtained were then treated with labelled inhibitor at the rate of 0-3 mg./mg. dry wt. of organisms, under the usual conditions, washed, transferred to disks, frozen and dried for radioactive determination. Table 5 shows that the cells immediately after resuspension fixed of cells (see Table 3 ). It is thus possible that factors other than the amount of inhibitor fixed on the surface account for the difference between cells from 18 hr. cultures and the so-called revived cells. Insufficient work has, however, been done to allow firm conclusions to be drawn. The change which enables revived cells to attach increased amounts of inhibitor occurs rapidly. Table 5 shows that at 350 the amount of inhibitor fixed has reached its maximum in 10-20 min. The nature of the change in the cells responsible for this effect is unknown but presumably involves a cationic shift in the region of the cell surface. It is not without interest that the potency of cellassociated hyaluronidase also rises to its maximum at about 30 min. under the conditions used here.
The effect of other macroanionic inhibitors A number of other macroanionic substances which were known to be strong inhibitors of isolated hyaluronidase were tested for their effects upon the liberation ofthis enzyme by staphylococci. Revived cells were used and the technique of pretreatment and the subsequent incubation in broth were exactly as described for the experiments with 53D. The level used for pretreatment was 100 ,ug./mg. dry wt. of organisms.
There appears (see Table 6 ) to be little correlation between the ability of the macroanions to inhibit formed hyaluronidase as shown by the inhibition index, and their power to inhibit the liberation of the extracellular enzyme in cultures. The styrenemaleic acid co-polymer, for example, which is the strongest enzyme inhibitor known at present is almost totally inactive on the organisms. Polystyrene-sulphonate, on the other hand, although rather a poor enzyme inhibitor is quite active in culture. Sulphonation of the styrene-maleic acid co-polymer slightly reduced its ability to inhibit the action of hyaluronidase, but converted the compound which was almost completely inactive in culture, into a strong inhibitor. This latter observation suggests that the strongly ionized sulphonate group may be necessary for the action of the inhibitors in culture. Such a group, however, is apparently not essential since the 'polygentisic acid' of Hahn & Frank (1953) 118 -* Inhibition index is the inverse of the concentration of the compound required to inhibit 1 T.R.U. of testicular hyaluronidase by 50% when tested under the conditions previously described (Rogers & Spensley, 1954) . phonate groups, is an inhibitor. The behaviour of the poly-p-aminophenol-sulphonate is of some interest. This compound inhibited the appearance of enzyme to a very variable extent. In two experiments the results obtained were 12 and 40 % inhibition. It was at first thought that the very low result was due to some simple error in the experiment since a third experiment again showed a 40 % inhibition by this compound, but further work showed that this substance demonstrated to a much greater degree a phenomenon shown by the polyhydroquinone sulphonate. Reference has already been made to the diminishing degree of inhibition of hyaluronidase appearance obtained when the cultures of the treated cells are incubated over a period of time. The inhibition caused by pretreatment with 53D, for example, fell from more than 95 to 91 % during 3 hr. incubation. of pretreated revived cells, and from 55 to 34 % when cells from an 18 hr. culture were used (see Table 2 ). Cells treatedwithpoly-p-aminophenol-sulphonateshewed a very much greater recovery of their ability to liberate enzyme with increasing time of incubation. In one experiment, for example, the degree of inhibition after 90 min. incubation was 44 %, whereas after a further 90 min. both the treated and control cells had formed the same amount of enzyme. It therefore seems possible that the one low result obtained for this compound reflects a variation in the rate of recovery of the enzymeforming ability. It may be that the substitution of one hydroxyl group in the polyhydroquinonesulphonate by an amino group is sufficient to reduce the strength of the sulphonic acid group below the value necessary for close adhesion to the cell during incubation of the cultures. Cells treated with polygentisic acid, however, did not show this phenomenon. None of the inhibitors had any significant effect upon the growth of the organisms.
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The effect of 53 D upon coagulawe formation Table 7 shows that 53D is as able to inhibit the formation of coagulase by Staph. aureus strain Newman, as it is the formation of hyaluronidase by Staph. aureus strain 524. The conditions of testing were the same as those used for examining hyaluronidase formation. Revived cells were used and the level of treatment was 50 pg. of inhibitor/mg. dry wt. of organisms. When the dose of inhibitor used was halved, the inhibition was approximately halved. (Rogers, 1954) that when Staph. aureus strain 524 is grown in shaken culture on a casein hydrolysate medium, trichloroacetic acid precipitable protein is liberated into the culture fluid. The above results have shown that pretreatment of staphylococci with 53D inhibits the appearance of both hyaluronidase and coagulase to about the same extent. It, therefore, seemed Bioch. 195i5. 6i0 Vol. 60 641
